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INTRODUCTION
Current theories of plant community organization differ in their prediction about the relationship between competition intensity (CI) and habitat productivity. Some theories (Grime 1979 , Keddy 1990 ) predict that competition intensifies as productivity increases because of a corresponding increase in plant biomass. Other theories (Tilman 1988 , Taylor et al. 1990 ) predict that competition does not intensify with an increase in habitat productivity for two different reasons. First, competition for light may intensify with an increase in habitat productivity but competition for soil nutrients and water may be less intense in productive habitats than in unproductive habitats; consequently, total competition should remain relatively constant along a productivity gradient (Newman 1973 , Grubb 1985 , Tilman 1988 ). Second, competition intensity depends on the ratio of resource supply to demand and this ratio may be unrelated to habitat productivity (Taylor et al. 1990) .
A number of neighbor removal experiments have been conducted to test these conflicting predictions. In each experiment the response of a target plant to removal of its neighbors was compared at several positions on a productivity gradient. Experimental results have been inconsistent. In some experiments (e.g., del Moral 1983, Gurevitch 1986, Wilson and Keddy 1986, Reader and Best 1989), the performance of the target plant improved most where habitat productivity was greatest. In other experiments (e.g., Fowler 1990 , Wilson and Shay 1990, Tilman 1991, 1993) , the performance of the target plant improved equally at all levels of productivity.
These experimental results may be inconsistent because CI was measured over different ranges of habitat productivity, using different target species, different experimental designs, and different methods to calculate CI. The chance of detecting a relationship between CI and habitat productivity may have been greater where a wider range of neighbor biomass values was considered. Unfortunately, it is difficult to check this possibility because studies involved different target species and interspecific variation in competitive ability is a potentially confounding factor. In the present study, we used the same target species in a standardized neighbor removal experiment, conducted in 12 plant communities on three continents, to test the null hypothesis that CI is independent of neighbor biomass. The null hypothesis was tested for each community and for all communities combined. The target species used for the experiment was the perennial grass Poa pratensis L., henceforth called Poa. Poa was chosen for two reasons. First, it is widely naturalized and therefore appropriate for use in an intercontinental experiment. Second, its response to neighbor removal did not change significantly across local productivity gradients in previous studies (DiTommaso and Aarssen 1991, Wilson and Tilman 1991). Whether response of such a species to neighbor removal is independent of neighbor biomass over a wide range of habitat productivity also needs to be tested.
The theories mentioned above do not state explicitly how CI should be calculated. Consequently, CI has been equated with the absolute reduction in plant performance due to neighbors (e.g., plant growth rate without neighbors minus plant growth rate with neighbors) or with the relative reduction in plant performance due to neighbors (e.g., difference in plant growth rate without neighbors and with neighbors, divided by plant growth without neighbors) , Campbell and Grime 1992 , Grace 1993 , Turkington et al. 1993 . A potential limitation of using the absolute index of CI in this case is that index values may increase with habitat productivity not only because competition intensifies as productivity increases (i.e., plant performance declines where neighbors are present, while performance is constant with neighbors absent) but also because there may be fewer environmental constraints on plant performance as productivity increases and plant performance may improve where neighbors are absent while performance is constant with neighbors present. The relative index of CI allows for possible interhabitat differences in plant performance where neighbors are absent by expressing the absolute reduction in plant performance due to neighbors relative to plant performance with neighbors absent. However, a potential limitation of the relative index of CI is that it may obscure differences in absolute reduction in plant performance due to neighbors. In the present study, both absolute and relative indices of CI were calculated.
METHODS

Study sites
The study was conducted at 12 locations (Table 1) . At each location, a site was chosen that was appropriate for Poa (e.g., grassland or old field) and where there was a productivity gradient due to within-site variation in factors such as soil depth, soil fertility, topography, or land use practices. 
Cover of naturally occurring vascular plants at each
Response to neighbor removal
Seeds from a single seedlot of Poa pratensis var. Nassau were used for the experiment. Seeds were collected from plants grown in field plots at 1 of the 12 locations (i.e., Guelph, Canada). At each location, seeds were sown in 2.5 x 2.5 x 14 cm deep pots (Roottrainers, Spencer-Lemaire Industries, Alberta, Canada) that were filled with a 1:6 mixture of local soil: peat. After seeds germinated, seedlings were thinned to one per pot and they were grown in a greenhouse at each location to achieve a standard size (shoot mass of 0.1 g) for transplanting into field plots. Seedling shoot mass was estimated using a regression equation in which shoot mass was the dependent variable and total leaf length and (or) leaf number were independent variables. At each location, the regression equation was constructed from data collected for 20 plants grown in the greenhouse together with transplants.
One seedling was transplanted into the center of each of the 60 subplots per location (10 subplots x 6 plots). During the first 2 wk after transplanting, seedlings were shaded by a 30 x 40 cm piece of 70% shade cloth and were watered to minimize mortality. Dead seedlings were replaced during the first 3 wk after transplanting.
After 10-12 wk, shoots of transplants and total aboveground biomass of neighbors in control plots were harvested, dried, and weighed. Belowground tissues were not harvested because of the practical difficulty of collecting small roots.
The 
]). CI values for all sites were then combined to test the null hypothesis that CI was independent of neighbor biomass over a wider range of neighbor biomass values. Generalized additive modelling (Hastie and Tibshirani 1990
) was used to test for a statistically significant relationship between CI and neighbor biomass for all sites combined. This technique was chosen because it can be used for both linear modelling and nonlinear modelling. Our model contained a continuous predictor (neighbor biomass) as well as a categorical factor (site). If the relationship between the continuous predictor and the response is assumed to be linear, then the model is an analysis of covariance (ANCOVA), if nonlinear, a generalized additive model (GAM). In both cases, for the model to be interpretable, one has to assume a lack of interaction between effects of the continuous predictor and the categorical factor. This assumption was tested and verified.
In GAM, the most appropriate functional form of the relationship between the dependent variable and each independent variable is derived from the data using scatterplot smoothing (see Hastie The statistical significance of a particular independent variable, neighbor biomass in this case, is assessed 
using the reduction in residual deviance (D) attributable to a model with the variable included, as compared to a model excluding the variable. For our data, with an identity function and assumed Gaussian remainders, D reduces to the remainder sum of squares (Hastie and Tibshirani 1990).
A reduction in D is tested for statistical significance by comparing the reduction in D to a chi-square distribution with the degrees of freedom (df) for the simple model minus df for the more complex model. In this case, the simple model had site as the independent variable and the more complex model had both site and neighbor biomass as independent variables. In GAM, the degree of smoothing applied to fit a possibly nonlinear relationship can be controlled by setting the degrees of freedom for the continuous predictor; df = 1 specifies a linear fit, df = 5 specifies a very nonlinear fit. Whether the nonlinear fit is a significant improvement over the linear fit is tested in the usual way by comparing the two models. In this case, the statistical significance (i.e., P values) of the variables neighbor biomass and site did not change appreciably when ANCOVA rather than GAM was used so only GAM results are reported here.
The proportion of variation (R2) accounted for by a particular GAM is calculated as the difference between D for a model containing only a constant term (null model) and D for the model under consideration, divided by D for the null model.
Our analysis standardized for potential site effects on CI by modelling CI as the sum of a site factor plus a (possibly nonlinear) function of neighbor biomass. One index of competition intensity (CIr) also standardized for potential site effects by expressing CI as a ratio. These two standardization procedures are complementary so GAM was used to test the null hypothesis for CIr as well as for CIa.
RESULTS
Neighbor biomass and species composition
Neighbor biomass and species composition both varied considerably among sites (Table 1) . Mean neighbor biomass per plot ranged from a low of 26-199 g/m2 at Guelph to a high of 81-648 g/m2 at Groningen. Vegetation was dominated by graminoids and forbs at each site but there was little overlap in dominant species among sites (Table 1 ). The target species Poa occurred naturally at four sites (Guelph, Vancouver, UmeA, and Groningen).
Response to neighbor removal
Transplant survival in subplots with neighbors left intact ranged from 6 to 30 plants of the 30 plants added per site (Table 2) . Removing neighbors increased transplant survival significantly (P < 0.05, G test) only at one site (Guelph).
Survival was low even in the absence of neighbors at some sites (Table 2 ). Drought and herbivores that were not excluded by the wire screening (e.g., insects, rodents) killed almost all transplants at three sites (Baton Rouge, Minneapolis, and Sydney). The same factors contributed to low survival in one to three of the six plots at each of five other sites (Almonte, Morgantown, Vancouver, Long Island, and Groningen). In total, 28 of the 72 plots, i.e., 6 plots x 12 sites, had low survival of transplants in the absence of neighbors. Factors in addition to competition from neighbors probably limited transplant performance in these 28 plots so they were excluded from all subsequent analyses.
In the remaining 44 plots, mean RGR ranged from -0.016 to 0.024 gg' d-' in subplots with neighbors left intact (Fig. 1) . RGR was negative in 17 of 44 subplots because transplants lost mass during the experiment. In subplots with neighbors removed, mean RGR was positive in all cases and ranged from 0.003 to 0.056 g9g9' d-'.
RGR was significantly (P < 0.05, t test) greater in subplots with neighbors removed than in subplots with neighbors left intact for 30 of the 44 plots (Fig. 1) . At three sites (Guelph, Canberra, Umea), removing neighbors increased RGR significantly in all plots. At other sites, removing neighbors increased RGR significantly only in plots with the most neighbor biomass (Morgantown, Groningen) or with the least neighbor biomass (Almonte, Vancouver) or with a medium to high amount of neighbor biomass (Long Island, Sawyerville).
Competition intensity
For all sites combined, the relationship between CI and neighbor biomass was not the same for CIa ( Fig.  2A) as for CIr (Fig. 2B) . CIa increased significantly in a nonlinear fashion as neighbor biomass increased ( Table 
DISCUSSION
Our results show that competition from neighbors may reduce plant growth over a wide range of site productivity, including sites with even very low productivity. However, our results are only partly consistent with the null hypothesis that CI is independent of neighbor biomass. CI for Poa was independent of neighbor biomass over the relatively narrow range of values found at the majority of sites studied here, plus at two sites studied previously (DiTommaso and Aarssen 1991, Wilson and Tilman 1991). In contrast, CI was directly related to neighbor biomass at Groningen, where the range of neighbor biomass was greater than at any other site. Our finding that the relationship between CI and neighbor biomass may depend on the range of neighbor biomass considered is important for two reasons. First, it helps to explain why previous neighbor removal experiments, each involving a different range of habitat productivity, did not all detect the same relationship between CI and neighbor biomass. Second, it confirms that neighbor biomass is more likely to be a useful predictor of variation in CI over a wide range of habitat productivity than a narrow range. Moore and Keddy (1989) made a similar point about the utility of plant standing crop as a predictor of species richness. A predicted curvilinear relationship between species richness and plant standing crop was only evident over a wide range of plant standing crop, spanning different types of communities. Species richness and standing crop were unrelated within each community type.
Our inability to reject the null hypothesis for most sites may also reflect the relatively low number of degrees of freedom (i.e., 2-5) available for the statistical test at individual sites. Either a relatively large sample size or a large range of variation in neighbor biomass, or both, may be needed to detect any effect of neighbor biomass on CI.
Theories that predict that CI is unrelated to habitat sitive than CIr to a change in neighbor biomass. In both their study and ours, the absolute difference in plant mass (or RGR) with neighbors present vs. without neighbors present increased more rapidly than the relative difference. Since the choice of CI index may affect interpretation of results and different indices have been used in past studies, it is not surprising that study results have been inconsistent. Clarifying theoretical predictions about expected changes in both absolute and relative CI with habitat productivity may be useful. In summary, our multisite study has demonstrated that competition from neighbors may influence plant growth over a wide range of site productivity and in this case there appeared to be no general relationship between CI and neighbor biomass.
